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ABSTRACT 
In this work, the high field properties ofBaTiO3-based ceramic positive temperature 
coefficient of resistance (PTCR) thermistors is presented. Donor-doped barium titanate 
ceramics were prepared by sintering in nitrogen atmosphere and annealing in air at 
1200°C. Resistivity versus temperature measurements indicate that the PTCR effect 
decreased markedly as the electric field increased. This behavior is attributed to the 
intrinsic resistance versus voltage behavior of the back-to-back Schottky barriers present 
at the grain boundaries. In this work, the interrelationship between the ceramic 
microstructure and the field-dependent resistivity was established. The effects of grain 
size, Mn-doping at the grain boundary, and donor-dopant concentration were correlated 
to the PTCR properties at high electric fields. 
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CHAPTER I. INTRODUCTION 
1.1 Background Information 
The positive temperature coefficient of resistivity (PTCR) of doped semiconducting 
BaTiO3 was first observed in 1955 [1]. After that, a considerable amount ofresearch has 
been done on understanding the conduction mechanisms and the anomalous positive 
temperature coefficient. However, the first widely accepted model to explain the 
resistivity versus temperature behavior of donor-doped barium titanate above the Curie 
point was published by Heywang in 1961 [2]. Based on the ferroelectric behavior of 
BaTiO3, Jonker presented his model in 1964 [3], which is a refinement of the Heywang 
model. In 1976, Daniels and Wemicke explained the PTCR effect using the concept of 
high-temperature defect chemistry [ 4]. 
At room temperature, barium titanate is a tetragonal perovskite ABO3 with lattice 
parameters of a 3.994 A and c = 4.038 A. In the perovskite structure, the A-site atom is 
located at the unit cell comers in 12-fold coordination. The B-site is in the unit 
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Figure 1.1 The resistivity of BaTiO3 as a function of temperature where Tc is the Curie 
point (After Heywang [2]). 
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cell center in 6-fold coordination. The 3 oxygen atoms take on all face centered locations 
in the pseudo-cubic unit cell. The pure material is an insulator at room temperature with 
a band gap of 3.1 eV. It can become semiconductive when doped with trivalent donors 
( e.g. La, Sb, Y) which go into the A-site, or with pentavalent donors ( e.g. Nb, Sb) which 
go into the B-site. We can observe a sharp resistivity jump in a temperature range 
between 100°C and 200°C. The typical temperature-dependent resistivity is shown in 
Fig. 1.1 [5]. The room-temperature resistivity of this donor-doped BaTiO3 generally can 
be as low as 101~102Q•cm. Nishii [6] reported ceramics with a room-temperature 
resistivity of 3Q•cm, which is prepared by complex replacement of Ba with Sr, Ca, and 
Pb. Compared with typical semiconductive materials like silicon, the mobility of the 
electrons in barium titanate is small due to the strong polaron interaction with the lattice 
[7]. Therefore relatively high doping concentrations are required to achieve the best 
conductivity. It has been found that there is a V-shape relationship between the doping 
concentration and conductivity. As seen in Fig. 1.2, the resistivity of the material 
decreases when the doping concentration increases. However, when the concentration is 
higher than a certain value, which is generally close to 0.3 mol %, the resistivity of the 
material increases due to grain growth inhibition. It is shown that when Nb is doped to 
more than 0.4 mol %, the grain size of the ceramic is small and the room-temperature 
resistivity increases significantly [8]. 
The donor-doped BaTiO3 shows a resistivity variation of 2-7 orders of magnitude 
around the Curie temperature, which makes the material useful in a variety of 
applications. Some of them are shown in Table 1.1. The volume of those applications 
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Figure 1.2 Resistivity of BaTiO3 as a function of doping concentration (G. Jonker [3]) 
Table 1.1 Applications of PTCR materials 
Current Limiters 
Attenuation of current fuses 
Attenuation rate of the current color TV and display degaussers 
Motor starters 
Constant temperature heaters using the I-V characteristic 
Mosquito pesticide heaters 
Hair dryers 
Heaters in trains and cars 
Sensors using R versus T characteristic 
Thermal sensors 
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reached 450x106 pieces/year in the 1990's [9]. However, there is still much to do to 
enhance the PTCR properties, especially in the following areas: (1) reduction ofroom-
temperature resistance, (2) high voltage resistance, (3) large current resistance, and, ( 4) 
large resistance jump [ 1 O]. 
One specific application is to use the PTCR element in mechanical relays to eliminate 
the arc during operation. Most mechanical relays interrupt current by separating contacts, 
during which an arc generally forms. By adding a PTCR element in parallel with the 
contact, a large part of the interruption energy can be converted into heat, thus 
eliminating the arc [ 11]. The presence of an arc causes many problems, including contact 
erosion, which shortens the life cycle of a mechanical relay, or a fire which can occur in a 
hazardous environment. By suppressing the arc, many of the precautions that have to be 
taken can therefore be eliminated. However, in order to achieve this, the PTCR materials 
used here must have a low room-temperature resistivity, a relatively high resistivity jump, 
and, most importantly, a high voltage withstanding. The object of this work is to achieve 
a barium titanate-based PTCR material, which shows the above properties, and to assess 
the feasibility of applying it into an arcless mechanical relay. 
1.2 Literature Review 
The change in resistivity of donor doped barium titanate is strongly correlated with the 
ferroelectric properties of barium titanate [2]. One of the basic assumptions Heywang 
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made in his model is that for higher temperatures, the grain-boundary permittivity f: 
follows the Curie-Weiss Law [9] and equals the permittivity of a single crystal, i.e., 
in which C is the Curie constant and Tc is the Curie temperature. Due to the loss of the 
spontaneous polarization P s that occurs above Tc, the small signal permittivity decays 
sharply. Under the influence of acceptor states, a two-dimensional layer of electron traps 
develops along the grain boundaries and attracts electrons from the bulk, forming an 
electron depletion layer. This is illustrated in Fig. 1.3. The width of the depletion layer 
b, is given by 
in which NA is the density of trapped electrons at the grain boundaries, and Nct is the 
charge carrier concentration in the bulk. The grain-boundary potential barrier caused by 
the depletion layer,$, is given by [12] 
where e is the electron charge. At temperatures below the Curie temperature, the 
resistivity of the material p, is given by [12] 
p~ exp(¢/ kT) 
6 
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Figure 1.3 Grain-Boundary Potential of PTCR (After W. Heywang [12]) 
At the Curie point, all electron traps below the Fermi level are occupied. Therefore, 
the electron trap density is equal to Ns, the density of the surface states. When the 
temperature increases, according to Curie-Weiss law the grain boundary permittivity 
decreases and the height of the potential barrier increases proportionally with 
temperature. According to the equation above, the resistivity of the sample increases 
exponentially with the height of the potential barrier. The electron traps are raised during 
this time and eventually they reach the Fermi level. Trapped electrons then are re-
emitted to the conduction band and cause the increase in conductivity in the high-
temperature part of Fig 1.1 [12]. 
In the Heywang model, the height of the potential barrier is assumed to be nearly 
equal to the activation energy of the surface acceptor states. A number of researchers 
have characterized the potential barriers at the grain boundary. Rehme used emission 
electron microscopy examinations [ 13], and Thrig and Kl erk used cathodoluminescence at 
room temperature [ 14]. Issa calculated the height of the potential barrier as a function of 
temperature, using the measured resistivity versus temperature and relative permittivity 
versus temperature above the Curie temperature [ 15]. The results confirm the validity of 
the Heywang model. Hayashi et al analyzed the current-voltage and capacitance-voltage 
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characteristics that were measured in the same specimens. They found that the potential 
barrier has a semiconductor-insulator-semiconductor (n-i-n) structure. There is an 
acceptor-rich insulating layer in that structure, with a width of several hundred 
nanometers. The estimation of the potential barrier parameters indicates that the oxidation 
of the grain boundary is responsible for the formation of the barrier [ 16]. Kuwahara' s 
work also shows that the nature of acceptor states forming potential barriers at the grain 
boundaries is attributed to the oxygen species adsorbed near grain boundaries [ 17]. 
Illingsworth et al investigated the relationship between the height of potential barrier and 
doping level [18]. The results showed that in the doping range of0.1~1.2 at%, the barrier 
heights are around 0.2eV at 150°C, while at the doping level of>l.4 at%, the barrier 
heights would be around 0.4eV. It is believed that this effect is caused by an increase in 
the acceptor state density at the grain boundaries. 
Ifwe quench a donor-doped specimen ofBaTiO3 ideally to room temperature, the 
total concentration of the individual kinds of atomic defects can be described as follows: 
[Vo]tot = [Vo] + [V• o] + [v•• o], 
[VBa]tot = [VBa] + [V
1
Ba] + [V
11
Ba], 
and it will not change on quenching [5]. Fig. 1.4 shows the conductivity ofBaTiO3 at 
23°C as a function of the quenching temperature Teq_ If quenched in air (Po2 = 0.2atm), 
high conductivity can be obtained only when the specimen is quenched from high 
temperatures, i.e., Teq > 1220°C. Quenching from temperature lower than Teq leads to 
insulating specimens. The variation in Po2 in the atmosphere shifts the value of Teq so 
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Figure 1.4 Conductivity of donor-doped BaTiO3 at T = 23°C as a 
function of quenching temperature TEQ (J. Daniels [ 4]) 
that when quenching in nitrogen the inversion point is shifted to lower temperatures. 
While quenching in oxygen, Teq is increased to higher than 1300°C [5]. These points are 
critical in achieving high conductivity donor-doped BaTiO3• 
Considering the case of air, the electroneutrality conditions can be simplified and 
described in the following scheme [ 5]: 
I T > 1500°C [La8a •]=n electron compensation 
II 1220°C < T < 1500°C [LaBa•]=2[VBa"] + n mixed compensation 
III T < 1220°C [LaBa •]=2[V Ba"] vacancy compensation 
in which [La8 /]=Nn, total concentration of donor doping. If a typical donor-doped 
BaTiO3 specimen is sintered at 1400°C in air and is in equilibrium with the gas 
atmosphere at the beginning of cooling, then equation II of the above table dominates the 
case. That is to say, the specimen will be in a state of homogenous mixed compensation. 
When the specimen is cooled, equilibrium restoration is initiated and the barium 
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vacancies diffuse from the grain boundaries into the bulk of the grains. Ifwe cool the 
specimen at a relatively slow speed such that the equilibrium restoration can follow the 
decreasing temperature, the specimen will follow the curve in Fig. 4 and eventually be in 
the state as described in equation III of the above table. Therefore, barium vacancies 
diffuse into the bulk of the grains and the result is a low conductivity. When the 
specimen is cooled rapidly, the equilibrium restoration cannot always follow the 
decreasing temperature. The equilibrium in the layer along the grain boundaries remains 
even if the temperatures is lower than 1220°C, while in the grain, the defect is already 
unable to change and becomes frozen at that temperature . Thus, the bulk of the grains 
can remain in the state of mixed compensation, as described in equation II, although a 
thin layer along the grain boundaries has achieved complete vacancy compensation, as 
described in equation III [5]. 
The grain can retain a high conductivity, as high as 0.1 Q•cm, while the thin layer 
along the grain boundaries is highly insulating at room temperature. Therefore, the 
conductivity of the whole specimen is determined by the thickness of the grain boundary 
layer, which is determined mainly by the rate of cooling [5]. The slower the cooling, the 
better the equilibrium restoration can follow the temperature, and the thicker the grain 
boundary. 
The PTCR effect is known to be very sensitive to the processing parameters, such as 
sintering and annealing temperature, atmosphere, time, and the rates of heating and 
cooling. According to Ueoka and Yodogawa, these parameters include [19]: 
(1) purity of starting materials; 
(2) precise control of the dopant content; 
(3) cleanliness of the process; 
(4) control of the sintering process. 
Among them, the doping level and the thermal process parameters have the most 
important effect upon the PTC properties of the final material. A typical route of PTCR 
ceramic processing is shown in Fig. 1.5. Normally the starting step is mixing carbonates 
or oxides of Ba, La, and Mn in the specified proportions. Then the powder will be dried 
and calcined at a temperature of about 1100°C. Next some binder is added and pellets are 
Raw Materials 
Ball Mill Mixing 
Sieving by a l 00 Mesh 
Calcination 
Add Binder 
D 
Pressing Pellets 
Firing 
Figure 1.5 Flow chart of sample preparation 
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pressed. The pellets are sintered in air, or reducing atmosphere, according to different 
sintering profiles. An annealing step is sometime used in some of the samples to 
reoxidize the grain boundaries. 
Besides this traditional method, powder processing can also use the sol-gel technique. 
Sharma and Manshingh reported barium titanate ceramics and thin films that were 
prepared from barium acetate (Ba(CH3COO)2) and titanium isopropoxide 
(Ti((CH3) 2CHO)4) precursors by a sol-gel technique [20]. The properties of highly porous 
barium titanate has also been investigated. Kuwahara used barium titanyl oxalate, 
BaTiO(C2O4) 2-4H2O, as a starting material, prepared samples with sintered densities 
ranging from 60% to 92%. The samples showed a PTCR effect as high as 7 orders of 
magnitude in resistivity change [21]. 
As mentioned before, if the doping level is higher than approximately 0.2~0.3 atom%, 
while the conductivity of the grain increases, the resistivity of the whole sample also 
increases. J anitzki et al observed that with a doping level of 2 mol % La, the average 
grain size was smaller than 1 µm, while in BaTiO3 without dopant, the average grain size 
could be as large as 100 µm [22]. Drofenik investigated the possibility of increasing the 
doping level by sintering in low oxygen partial pressure. BaTiO3 doped with Sb20 3 and 
Nb2O5 was used in their research. The doping levels were from 0.2 to 1.0 mol %, with 0.6 
wt% SiO2 and 0.4 mol % TiO2. The oxygen pressures used were in the range between 
0.4 Mpa and 20 Pa. At low oxygen pressure, a mixture of 02 and N2 was used. The 
results showed that at low oxygen partial pressures (<<0.02 Mpa) the grain growth was 
12 
not hindered. Therefore, it was possible to increase the doping level to higher than 0.3% 
[46]. 
The Curie temperature ofBaTiO3 can be controlled by solid solution. It has been 
found that Pb substitution (replaces Ba in the lattice sites) will increase the Curie 
temperature, while Sr (replace Ba), Zr or Sn (replace Ti) will decrease the Curie 
temperature. Fig. 1.6 shows the result from Kuwahara and Kumamoto [23]. The lowest 
Curie temperature is changed to 330K, while the highest is 630K. It also showed that the 
sample with lower Curie temperature has larger resistivity change. 
12 
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Figure 1.6 Effect of doping materials upon PTCR barium titanate's Curie temperature 
(After Kuwahara and Kumamoto [23]) 
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Low room-temperature resistivity is critical in most of the applications ofbarium 
titanate. A few approaches have been investigated in order to achieve low room-
temperature resistivity of barium titanate. 
Sintering time has a significant effect on the PTCR effect. The room temperature 
resistivity increases with sintering time. Basu [24] reported this result while using 0.3 
mol % Sb-doped BaTiO3 sintered at 1350°C. Fig. 1.7 shows the change in room 
temperature resistivity with sintering time. The room-temperature resistivity increases 
steadily with increasing sintering time. On the other hand, the resistivity jump does not 
show this trend. The highest resistivity jump is obtained with a sintering time of 60 min. 
The work shows that the grain body resistivity does not change very much with the 
increase of sintering time, while the grain boundary resistivity increases significantly. 
Therefore, it is believed that the overall resistivity change is due to the intergrain 
characteristics. Work done by Al-Allak et al [25] shows that the average grain size does 
not change significantly with sintering time. It is believed that the higher resistivity is the 
result of a second phase distributed along the grain boundaries. 
In order to facilitate liquid phase sintering, some excess TiO2 (generally 0.01 mole%) 
is added to the samples in order to promote grain growth. This excess forms a liquid 
phase and promotes grain growth, which is controlled by a solution-diffusion-
reprecipitation process [26]. The amount of the Ti-rich liquid phase increases with 
sintering time. Thrig reported that in 0.2 at% Sb doped BaTiO3, the average grain size 
was 10 µm if there was no excess TiO2, but when Ti/Ba equals 1.02, the average grain 
reprecipitation process [26]. The amount of the Ti-rich liquid phase increases with 
14 
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Figure 1. 7 Effect of sintering time on the PTCR behavior of semiconducting BaTiO3 
sintered at 1350°C (After Basu [24]) 
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sintering time. Thrig reported that in 0.2 at¾ Sb doped BaTiO3, the average grain size 
was 10 µm if there was no excess Ti 0 2, but when Ti/Ba equals 1.02, the average grain 
size increased to 40 µm [27,28]. It is known that TiO2 forms a eutectic with BaTiO3 at 
1595K [29]. When some SiO2 is added, the eutectic temperature can be reduced to 1533K 
[30]. Figure 1.8 shows the BaO-TiO2 phase diagram [29]. In addition to SiO2, many 
other sintering aids have been investigated [31,32], including AST (AhO3, SiO2, and 
TiO2), and PbO-B2O3-SiO2. 
It is believed that sintering BaTiO3 in a reducing atmosphere, followed by reoxidation 
in oxygen does not have a significant effect on the crystal structure, average grain size, 
and density of sintered bodies. However, this is one of the important ways to change the 
PTCR effect of barium titanate. By sintering in a reducing atmosphere ( e.g. N2 or N2-
H2), the room-temperature resistivity of the samples can be as low as one tenth of those 
samples sintered in air. However, because of the lower v 0" concentration at the grain 
boundary, the samples show a reduced PTCR jump. When annealed in an oxidizing 
atmosphere, the PTCR effect can be partially restored. Compared with samples fired in 
air, these samples have a lower room-temperature resistivity and a smaller resistivity 
jump. This can be explained by considering the diffusion rate of oxygen from the grain 
boundary into the grain body [33]. After sintering in a reduced atmosphere, the diffusion 
rate of oxygen of the samples after full densification is considered to be quite slow. 
Therefore the reoxidation process cannot extend into the grain body and only the 
vicinities of grain boundaries are effectively reoxidized. Alles et al has reported similar 
results [34]. The grain boundary resistivity, measured at low frequencies, was altered by 
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the annealing process, while the bulk values, given by high-frequency limit, remained 
essentially constant. Thus reduction-reoxidation firing is an effective way to obtain low-
resistivity PTCR ceramics. 
When there is excess TiO2 in the barium titanate, the microstructure is affected by 
heating rate. Yoo et al investigated the effect of heating rate on the microstructural 
evolution of BaTiO3 [35]. They found the heating rate in fact had a marked effect on the 
BaO excess 
Figure 1.9 The macroscopic heterogeneity of the porosity and average grain diameter of a 
doped BaTiO3 sample heated to the sintering temperature at a fast rate. Where dis the 
average grain diameter and p is the porosity (After Hozer [28]) 
microstructure of sintered BaTiO3. The samples heated at rates of 50°C/min or 5°C/min 
showed an inhomogeneous microstructure. The inner region had a lower porosity and 
large grain size but the surrounding outer region adjacent to the specimen surface had an 
appreciable amount of porosity and fine grain size. Fig. 1.9 shows this effect in a 
schematic way. For samples heated at rate of 0.5°C/min, the microstructure was 
homogeneous throughout its cross section. The investigator explained the effect by 
18 
inhomogeneous distribution of TiOi-enriched liquid phase formed during sintering. When 
the heating rate is fast, this liquid phase agglomerated into the interior of the specimens, 
therefore the outer region of the sample became depleted in Ti 02. This formed the 
difference in microstructure. When the heating rate is very slow, because the complete 
solid-state reaction, there was less TiO2, and microstructure is homogenous. 
It is found that by adding a small amount of 3d transition elements, such as 
manganese, the PTCR properties of barium titanate are enhanced considerably [36]. 
This is because it creates deeper traps than V Ba" in the grain boundaries, and therefore 
absorbs more oxygen. Al-Allak et al explained this behavior by assuming a thin Mn-rich 
layer on the grain boundaries. This makes the ionized oxygen vacancies the most 
predominant defect in that layer [37]. However, this generally leads to a higher room-
temperature resistivity. 
For the some applications, the effects of aging should be also considered. The PTCR 
materials must be able to keep the same electrical properties in different environments for 
a long period. Kuwahara examined the aging effects on the porous PTCR materials [ 45] 
and Fig. 1.10 shows the results of this experiments. Samples were kept in a reduced 
atmosphere (=1.3 Pa), in dried air (relative humidity =30~40%), and in moist air (relative 
humidity=70~80%). The sample in moist air showed a drastic degradation in the PTCR 
effect due to the increase of room temperature resistivity. But in this work, the sample 
porosity is not on the same order as Kuwabara's samples, so the air could not easily 
penetrate into the material. 
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Figure 1.10 Ageing effects occurring in porous PTCR materials 
(After Kuwahara [21]) 
1.3 Objective of This Research 
Because of its anomaly in resistivity change, PTCR barium titanate can be used in a 
number of novel devices. A number of researchers have been successful at fabricating 
multilayer PTCR devices with the aim of reducing the overall device resistance. Multi-
layer-based PTCR devices have also been found to have an enhanced temperature 
sensitivity due to the small thermal mass. The use of PTCR thermistors for high power 
applications has also been proposed for the current limiting devices and mehcanical 
relays. The use of barium titanate-based materials for these new applications is limited 
by the weakening of the PTCR effect at high fields (E > 10 V/mm). 
20 
For multilayer devices with thick film thermistor layers, relatively high fields are 
attained under moderate voltages which are sufficient to minimize the PTCR effect. For 
high power applications, it is difficult to comporimise between maintaining a low device 
resistance to allow a high current rating ( e.g. 30 A) and yet maintain a sufficient device 
thickness that prevents high electric fields which suppress the PTCR effect. 
In this work, the microstructure and grain boundary structure of La-doped BaTiO3 will 
be related to the high field PTCR properties. The effects of grain size and dopants will be 
related to the PTCR effects under high E-fields. It is known that a small amount of Mn 
additive can increase the withstanding voltage of BaTiO3 [39]. That is because Mn2+ 
goes into the Ti4+ site as acceptor and segregates to the grain boundaries as Mn3+, which 
increases Ns [ 40] . On the other hand, the average grain size decreases. This is believed to 
be caused by the segregation of Mn to the grain boundaries [ 41]. The result is an 
enhancement of the resistivity jump, which can be used to compensate for the high field 
decrease of resistivity. 
Apparently, the grain size and grain size distribution also have an influence on the 
voltage withstanding of Ba Ti 0 3 . It is believed that each grain boundary can hold about 
4V [12] . Therefore, for a certain grain boundary thickness, the smaller the average grain 
size, the more grain boundaries exist on a certain thickness. Hence, a smaller voltage is 
applied to each grain boundary. As a consequence, the overall withstanding voltage of the 
sample will increase. As mentioned before, when the doping level is higher than 0.3%, 
the dopant will inhibit the grain growth and decrease the average grain size. On the other 
hand, if the grain boundary is not uniform, the abnormally large grains will form a tunnel 
21 
of low resistivity, which will lower the withstanding voltage of the whole ceramic sample 
[ 40]. Previous work shows that some BaSO4 additive can make the grain size smaller 
and the distribution of grain size more uniform [39]. 
It is also found that for samples with different amounts of additives, the withstanding 
voltage can be enhanced greatly, although the average grain size is the same. It is 
believed that the reason for this is due to the presence of a second phase in the grain 
boundary area. In Wu et al's work [44], an amorphous phase was found within the grain 
boundary when A}zO3 and Si02 are used as additives, and the value of the withstand 
voltage was enhanced. 
However, all these methods will increase the room temperature resistivity. 
Specifically, the Mn additive will increase Pmin as well as increase Pmax• Since the 
semiconducting barium titanate can be seen as a series connection of high-resistivity 
grain boundaries and low-resistivity grain bodies, the smaller average grain size means a 
higher overall resistance for the barium titanate device. In order to find a PTCR barium 
titanate with both high withstanding voltage and low room temperature resistivity, it is 
very important to investigate the interrelationship between the microstructure and high-
field properties. 
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CHAPTER II. MATERIALS AND METHODS 
2.1 Materials Processing 
Powders ofBaTiO3 (Ferro Electronic Materials), TiO2 (Fisher Scientific), La2O3 
(Aldrich Chemical Company), and Nb2O5 (Aldrich Chemical Company) were used in this 
work. Currently two doping schemes, La2O3 and Nb2O5, with different doping levels 
from 0.2 to 0.4 mol %, are used in the powder processing. Both schemes were added with 
1 mol % excess TiO2 to achieve liquid sintering. The reactions used were as follows: 
1 
(l-x)BaTiO3 +2 xLa2q + xTiq ~Ba1_xLaxTiO3 
1 
xBaTiO3 +2xNb2O5 +(l-x)TiO2 ~BaT4_xNbxO3 
In addition, 2 mol % SiO2 (Aldrich Chemical Company) was added in the powder 
because its presence in the grain-boundary regions during sintering leads to a more 
uniform microstructure and alleviates the problems of non-uniform distribution of the 
dopant oxides [26]. The powders were weighed and then ball milled using a nalgene 
bottle in ethanol for about 12 hours. The media used for ball milling was zirconia. After 
drying, the powders were then calcined in air in an open alumina crucible at a 
temperature of 1100°C for two hours. 
The calcined powder was then added with 5 weight% acryloid binder (Ferro 
Electronic Materials) and left overnight. Acetone was used to help mix the binder with 
powder. This powder was pressed under pressure of 250 psi for 30 seconds and then 
under pressure of 350 psi for 30 seconds. The pressed pellets had a diameter of 
approximately 12.5 mm and a thickness of approximately 2.5 mm. Binder burnout was 
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accomplished by heating to 500°C for two hours in a Lindberg furnace. Dense pellets 
were then attained after sintering at 1350°C in a controlled atmosphere tube furnace for 
about two hours, with fired dimensions of a diameter of 10 mm and a thickness of 1 ~2 
mm. In some sintering profiles, the pellets were then annealed at 1200°C for three hours 
in a controlled atmosphere. A typical sintering profile is shown in Fig. 2.1. 
The microstructure of sintered pellets of this research shows relatively high porosity. 
The reason of this is most probably the agglomerates formed during powder processing. 
The structure and properties of solid agglomerates in a powder often dominate the 
material's microstructure and bulk properties. The most common type of agglomerate in 
a ceramic powder is one bonded by a diffusion bond formed during calcination [68]. In 
the future work, one more step of ball milling will be considered to achieve denser green 
body. 
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2.2 Electrical Measurement 
Sintered samples were then covered with indium-gallium eutectic (Alfa Aesar). Cann 
and Randall reported that compared with sputtered Au, Ag, and Pt electrode, only In-Ga 
eutectic provides ohmic contact for barium titanate ceramic [ 64]. The electrode material 
is important to measure electrical properties correctly. The evaporated Ag and Au 
electrodes are non-ohmic contact electrodes due to the formation of high resistance 
contacts with the semiconducting BaTiO3. At room temperature the contact resistance of 
Ag electrodes is about 200 Q, Au is between 200 and 500 Q, while In-Ga electrode has a 
contact resistance of only around 0.7 Q [65]. 
The samples were then heated in a Delta 9023 environmental chamber to carry out 
electrical measurements of the "switched" state. The temperature-dependent resistivity 
was measured by a two-point method using a Keithley 614 electrometer, within the 
temperature range from 25°C to 225°C. The measurement system was based on Teflon 
materials, which melt at temperatures higher than 250°C. Because of this, for most 
samples the maximum resistivity could not be measured. The high voltage electrical 
properties were measured by a Xantrex XFR 300-9 DC power supply. In this 
measurement, the sample was placed into the Delta 9023 environmental chamber and the 
resistance was measured at different temperatures from 180°C to 220°C, under electrical 
fields up to 100 V /mm. The power supply was controlled by Lab VIEW 5 .1 through a 
GPIB card and IEEE 488.2 interface. The user interface of the Lab VIEW program for 
voltage-mode measurement is shown in Fig. 2.2. 
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The grain and grain boundary resistance was measured using ac capacitance 
measurements and complex impedance analysis [ 64]. This measurement was conducted 
at room temperature using a Hewlett-Packard 4194A hnpedance Analyzer. The 
frequency used here ranged from 100 Hz to 4MHz. The data were read from the 
hnpedance Analyzer and SigmaPlot was used to fit the curve. The intercepts between the 
semi-circle curve and X axis are grain resistance and the sum of grain boundary 
resistance and grain resistance. 
Instr. Descriptor 
error in (no error) 
~----------<+ 
.----l!_!!!l>-''-11 Output Voltage 
I DBL n Output Current 
Figure 2.2 The Lab VIEW control program used in this research 
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For microstructural measurements, the sintered pellets were polished by silicon 
carbide grinding paper, and a 1 to 3 micron diamond solution. The polished samples were 
examined by a HIT ACRI Environmental SEM (S2460N) for microstructural analysis. 
The linear intercept method was used in grain size measurement [ 66]. In this research, a 
100-millimeter test line was applied on the SEM picture for 10 times. The number of 
intercepts between the test line and the grain boundaries was counted. Triple-junctions 
were counted as 1.5. Then the average grain size was obtained by dividing the total 
number of intercepts, P, by the total length of the test lines. 
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CHAPTER III. EXPERIMENTAL RESULTS 
3.1 Results of Samples Sintered in Air 
The first group of samples was prepared by sintering in air with no annealing. After 
calcining in air in open alumina crucibles at a temperature of 1200°C for 2 hours, the 
powders were mixed with binder. After binder burn-out, the pellets were sintered at 
1250°C for 20 hours. The sintering profile of these samples is shown in Fig. 3.1. The 
compositions for this group of samples are shown in Table 3.1. No sintering aid was 
used. 
Table 3 .1 Compositions used in the first group of samples 
Thermistor Compositions 
Ba(Tio.99ssNbo.oo1s)03 
Ba(Tio.99s0Nbo.0020)03 
Ba(Tio_9975Nbo.002s)03 
Ba(Tio_9970Nbo.003o)03 
(Bao_991sLao.002s)Ti03 
(Bao_99ssLao.oo 1 s)Ti 03 
The calcined powders were examined by X-ray diffraction for phase identification. 
The result of X-ray diffraction showed that the powders have single-phase perovskite 
structure without any parasitic phases. Fig. 3.2 is the X-ray diffraction data. By plotting 
the d-spacing data versus dopant concentration, we can see that the dopant oxides (Nb20 5 
and La20 3) were incorporated into the lattice by solid solution. This result is shown in 
Fig. 3.3. 
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Figure 3.2 X-ray diffraction of 0.20, 0.25, 0.30 mol % La doped barium titanate 
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Figure 3.4 Resistivity versus Temperature 
Electrical properties of these samples were measured according to the procedure 
outlined in Chapter II. The room temperature resistivity was measured to be higher than 
103 Q-cm. This is relatively high compared with the normal results at this doping level 
(101 Q-cm). The samples also showed a reduced resistivity jump of approximately 
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1O~100 X. Fig 3 .4 shows the resistivity versus temperature data for Nb-doped BaTiO3 at 
different doping levels. 
There are a few possible explanations for this result. The first issue is the Ba/Ti ratio. 
For this composition, BaTiO3 was processed by mixing barium carbonate and titanium 
oxide along with the dopant oxides, Nb2O5 or La2O3. Given that the doping level of the 
compositions shown in Table 3.1 is on the order of a few tenths of a percent, the material 
should be sensitive to variations of the Ba/Ti stoichiometry of similar magnitude. A small 
compositional variation can effectively act to partially nullify the effects of doping, 
resulting in a relatively high room temperature resistivity. To avoid this problem, the 
samples in later experiments were processed by adding the dopant oxides into pre-
calcined stoichiometric BaTiO3 powder. 
Another reason for the anomalous room temperature resistivity was the cooling rate of 
the sample during the sintering. This group of samples was cooled at a rate of about 
4°C/min. According to Daniels' model[ 4], a slow cooling rate means the equilibrium 
restoration reaction is able to follow the decreasing temperature (see section 1.2). Thus 
barium vacancies diffuse from the grain boundary into the bulk of the grains and a thicker 
grain boundary layer forms. The slower the cooling, the deeper the barium vacancies can 
diffuse into the bulk. Since at room temperature the barium vacancies compensate the 
donor concentration, the slower cooling rate leads to a thicker high-resistivity boundary 
layer, and a higher resistivity at room temperature [ 4]. 
To lower the room temperature resistivity, higher cooling rates were used. Barium 
titanate doped with 0.2 mol % La, 0.25 mol % Nb, and 0.3 mol % Nb were sintered at 
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Figure 3.5 Results of samples that cooled at the speed of 15°C/min 
1350°C for two hours, then were cooled at a rate of approximately 15°C/min. The 
resistivity versus temperature for these samples are shown in Fig. 3.5. The room 
temperature resistivity of 0.2 mol % La-doped and 0.25 mol % Nb-doped samples were 
approximately 100 0 -cm. This significant decrease in room temperature resistivity can be 
explained by the Daniels model, as described in Chapter I. When the sample was cooled 
relatively fast, as was the case for this group of samples, barium vacancies were not 
kinetically able to diffuse into the grain bulk once the sample temperature crossed the 
1220°C inversion temperature. Thus the resulting sample had highly conducting grains 
and a thin high-resistivity layer at the grain boundaries. 
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The resistivities at room temperature or at 180°C were found to increase steadily with 
increasing the doping level. This was explained by the grain growth inhibition effect 
caused by higher doping level [12]. 
Silica (SiO2) and some other sintering aids can be used in BaTiO3 to achieve a lower 
sintering temperature. As mentioned before, SiO2 reduces the eutectic temperature of Ti-
excess barium titanate from 1320°C to approximately 1260°C (Figure 1.8). It is believed 
that SiO2 creates a liquid phase to assist sintering. It is also believed that the dispersion of 
dopant in the material and the uniformity of microstructure is also improved by the 
addition of SiO2 [47]. In our experiment, two samples (A and B) were sintered under the 
same conditions, except that sample A had a 2 mol¾ SiO2 additive while sample B did 
not. Fig. 3.6 shows the results of the resistivity versus temperature measurement. Both 
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Figure 3.6 Effect of Si02 on electrical property of 0.25 mol % La-doped BaTiO3 
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the room-temperature and high-temperature resistivities of sample A are lower that those 
of sample B. One reason is that SiO2 enhances the grain growth, which reduces the 
number of grain boundaries per unit thickness of the sample. Another reason is that the 
existence of SiO2 increased the amount of liquid phase. This liquid phase can improve the 
diffusion of vacancies and the shrinkage of pores. Thus the enhanced mass transport 
eliminates the trapped pores on grain boundaries, which leads to a larger and a more 
uniform grain structure [ 48]. The result of this effect is a lower room temperature 
resistivity. All the samples used thereafter utilized a 2 mol % Si02 additive as a sintering 
aid. 
3.2 Sintering in Reducing Atmosphere and Re-oxidizing 
During the heat treatment, donors in barium titanate are compensated by both cation 
vacancies and electrons, depending on doping level, temperature, and oxygen activity. If 
the sample is cooled in an oxidative atmosphere, the donor dopants are compensated 
largely by cation vacancies. These vacancies are formed at the grain boundaries and 
surfaces exposed to the gas phase. They then diffuse into the grain bulk to establish a new 
defect equilibrium [ 49]. 
Jonker expanded on the Heywang model in several aspects [3]. One principal 
assumption is that chemisorption of gases, especially of oxygen, has an important effect 
on the potential barrier of the grain boundary region. Adsorbed oxygen will attract 
electrons from the surface of the crystallites which increases the height of the potential 
barrier. 
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When the samples are sintered in air or oxygen, 0 2 molecules are adsorbed along the 
grain boundaries to become ions. This procedure is described by the following sequence 
[50]: 
It is believed that predominant species depends upon temperature. According to Chon 
and Pajares' work, at a temperature between 373 and 453 K, the adsorbed molecules are 
mainly 0 2-, while at a temperature higher than 500 K, ff ions predominate [51]. As a 
Figure 3.7 Microstructure and band model of oxygen adsorption: (a) physical model, (b) 
energy band model (After L. Hozer [28]) 
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result of these reactions, the grain surfaces are covered with atomic layers of oxygen ions. 
These layers of oxygen attract electrons from the grain body. When electrons transfer 
from the conduction band or from donor dopants to the absorbed oxygen layer, a negative 
charge accumulates on the surface. This creates a depletion layer along the grain 
boundary, which leads to the formation of a potential barrier [28]. This effect is shown in 
Fig. 3.7. 
Therefore, the concentration of 0- ions on the grain boundaries plays a key role in 
determining the height of the potential barrier, and therefore the conductivity of the entire 
sample. The grain conductivity depends on the dopant levels, while the grain boundary 
conductivity depends on grain boundary structure. Thus, a low oxygen partial pressure is 
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usually used during sintering to reduce the resistivity of the sample. The reducing 
atmosphere removes some of the adsorbed 0- or 0 2- ions from the surface, thereby 
releasing electrons for conduction. 
Fig. 3.8 shows the result of samples sintered in nitrogen. The room temperature 
resistivity of these samples were close to 10 Q-cm, about one tenth of those sintered in 
air. However the low potential barrier leads to a much smaller resistivity jump. The 
resistivity at 230°C is only about 40 times higher than room temperature resistivity, 
compared with the 4 order of magnitude jump in air-sintered samples. 
These samples also exhibited a smaller slope of resistivity change at the Curie 
temperature. This also can be explained by the density of surface states. According to the 
Heywang-J onker model, the height of the potential barrier is given by [3]: 
where Ns is the concentration of the surface states, and No is the concentration of the 
donor levels. In addition, Jonker considered the fact that the concentration of the 
electrons trapped at the interface varies with temperature [3]: 
where Ep = kTln(N0 /n0 ) is the Fermi level, Es the position of the trap level. Assuming the 
electron mobility is low and the electric currents are small, the resistance of a 1 cm2 
barrier can be calculated by [3]: 
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d kT ¢0 R = ----exp(e-) 
n0eµ e¢0 kT 
where d is the width of the barrier. Combining these equations, the resistance can be 
calculated as a function of temperature for different combinations of the concentration of 
the surface states and the bulk electrons. Fig. 3.9 [53] shows the results of this 
calculation. It is clear that in order to obtain a higher resistivity at temperatures above Tc 
and a sharper resistivity jump, a higher concentration of surface states is desired. 
However, when Ns is high, the resistivity will reach its highest point just above the Curie 
temperature followed by a slow decrease. On the other hand, with a lower Ns, the 
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Figure 3.9 Calculated curves of eq>0/kT as a function of temperature (After G. Jonker) 
38 
---- Sample C 
----- Sample D 
104 ~---.------.------,----___!!~~!!!!!!!!!!!!!!!!~~ 
E 
u 1000 E 
.i:::. 
£ 
·=== 
100 
0:: 
0 50 
·····••:••··························· 
I i 
100 150 200 250 
Temperature (Degree C) 
Figure 3.10 R-T property for 0.25 mol % La-doped BaTiO3 annealed in air and oxygen 
resistivity will increase more moderately to several hundred degrees above the Curie 
point. According to Jonker's calculation, a typical PTCR effect results from a value ofNs 
around 1014 cm-2 . 
To obtain a larger resistivity jump while keeping the room temperature resistivity as 
low as possible, samples sintered in N2 are annealed in air or oxygen at elevated 
temperatures. Fig. 3.10 shows the results of samples doped with 0.25 mol % La. Samples 
A and Bare annealed in oxygen and air, respectively, at 1200°C for 120 minutes. The 
temperature-dependent resistivity did not show much difference, because of the small 
difference of the oxygen activity in air versus pure 0 2 . 
The resistivity jumps of these samples were significantly higher compared with the 
samples without annealing. While both the room-temperature (25°C) and high-
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temperature (225°C) resistivities were increased in these annealed samples, the PTCR 
effect showed a 2500 times jump, compared with about 10~50 times jump in unannealed 
samples. 
Fig. 3 .11 is the SEM photo of sample B. The annealing did not show any significant 
effect on the average grain size. This indicates that the change of the PTCR properties 
was caused by grain boundary re-oxidation during the anneal. As mentioned before, the 
chemisorbed oxygen along the grain boundary area will trap electrons from the bulk of 
grain, therefore increase the height of the grain boundary barrier. If the sample was 
sintered in a reducing atmosphere, this process is limited by the availability of 0 2• During 
the annealing in air or 0 2, oxygen atoms diffuse into the sample again, first along the 
Figure 3.11 Microstructure of sample B(0.25 mol % La-doped BaTiO3) 
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grain boundaries. The result of this effect is a higher grain boundary barrier and therefore 
a larger resistivity jump. 
On the other hand, the room temperature resistivity was increased by a factor of 3 
(from~ 10 Q•cm to ~30 Q•cm) compared with the larger difference of p225°c. It is 
believed that this is due to the different diffusion rates of oxygen along the grain 
boundaries or into the bulk [ 54]. After sintering in reducing atmosphere, the sample was 
highly dense with little porosity, as shown in Fig. 3 .11. The diffusion rates for oxygen 
into the grains is considered to be very low. Within the time of annealing, the reoxidation 
process did not extend into the grain, but was confined mostly to the grain boundary area. 
Therefore the grain resistivity is virtually unchanged after the anneal, while the grain 
boundary barrier is greatly enhanced, leading to the increased resistivity jump. Hasegawa 
et al investigated the diffusion of oxygen by the tracer (180) method [55]. Their result 
suggested that the diffusion of oxygen into the sample could be enhanced by grain 
boundaries. Therefore although it is not possible for oxygen to diffuse deep into the bulk 
of the grain within the annealing time used in our research ( about 2 hours), the oxygen 
atoms can diffuse rapidly through the grain boundary and into its vicinity. 
3.3 Effect of 3d-elements 
It is well known that small additions (less than 0.1 mol %) of 3d-elements, such as 
Mn, Fe, and Cu, can considerably enhance the PTCR effect [25]. This is because the 3d-
elements create acceptor states within the grain boundary, which improve the PTCR 
effect [9]. Also, Mn additives will decrease the average grain size, as shown in Fig. 3.13. 
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The sample without Mn additive has an average grain size of approximately 14µm, while 
the sample with 0.03 mol % Mn additive has an average grain size of approximately 7 µm. 
In this research, to obtain a better PTCR behavior at high electric field, Mn additives 
were used to achieve a larger resistivity jump. Fig. 3.14 shows the PTCR behavior of 
(a) (b) 
Figure 3.13 Microstructure of 0.30 mol % La-doped BaTiO3. (a) No Mn additive, (b) 
0.03 mol % Mn additive 
BaTiO3 doped with 0.25 mol % La. The Mn concentration was 0.03, 0.06, 0.09 mol %, 
respectively. 
The results showed that the room temperature resistivity and high temperature 
resistivity increased with the increasing Mn additive. The increase at high temperature 
was more dramatic, resulting a bigger resistivity jump. 
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Figure 3.14 Effect of Mn additive on PTCR effect (all samples 0.35 mol % La-doped) 
Compared with a typical resistivity jump of 103 for samples without Mn, these samples 
showed a PTCR effect of 104 to 105. 
It is believed that Mn acts as an acceptor in donor-doped barium titanate. Since the 
ionic radii of Ti4+ (0.61nm) and Mn2+ (0.67nm) are close, it is a commonly accepted 
assumption that Mn ions substitute on the Ti4+ site within the grains [56]. If we suggest 
the neutrality approximation in the grain is: 
(2) 
it can be seen that when 2[ Mn;i ] = [ La ;a], the dopant is completely compensated, and 
the sample will not show any extrinsic conductivity. In most experiments, however, the 
amount of Mn additive is very small compared with the lanthanum doping (e.g., less than 
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0.1 mol %). Thus non-compensated donor will enhance the conductivity. As we can see 
from the experimental results, the resistivity of the samples increases with the increasing 
Mn additive amount. For samples added with Mn, because of this compensation process, 
more lanthanum dopant is needed to achieve the lowest room temperature resistivity 
compared with that needed in samples without Mn additive. This effect was reported by 
several researches [57][58]. Ting et al suggested the linear relation between lanthanum 
dopant and manganese additive: 
When there is no manganese additive, the doping level for the lowest room temperature 
resistivity is about 0.15 mol %. In our research, the lowest room temperature resistivity 
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Figure 3 .15 Resistivity versus temperature for different doping levels with 0.03 mol % 
Mn additive 
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without Mn additive can be observed at a doping levels close to 0.20 mol %. This 
discrepancy is probably due to the impurities in the raw materials or the varieties in the 
Ba/Ti ratio used in the sample preparation. It may also be due to a non-uniform 
distribution of the Mn additives. 
This doping level for the lowest room temperature resistivity shifted when the Mn 
additive was added. Fig. 3.15 shows the results of barium titanate with 0.03 mol % Mn. 
The La doping was 0.25, 0.30, and 0.35 mol %, respectively. We can see that the lowest 
room temperature resistivity occurred when the doping level was between 0.25 and 0.30 
mol %. Table 3 .2 shows the room temperature resistivity as a function of composition. 
This result coincided with that suggested by Ting et al. 
Table 3 .2 Room temperature resistivity of different compositions 
Amount of Mn additive (mol %) 
Lanthanum doping 
(mol %) 0 0.03 0.06 0.09 
0.25 37.3 O·cm 224 O·cm 1420 O·cm 19300O-cm 
0.30 60.8 O·cm 167 O·cm 324 O·cm 1680 O ·cm 
0.35 152 O·cm 378 O·cm 164 O ·cm 1440 O ·cm 
The reason for this shift is that Mn additive acts as an acceptor in the barium titanate 
grains. Without the Mn additive, electron compensation dominates at low La doping 
levels. But when Mn was added, vacancy compensation is restored by the co-doping of 
Mn and La [57]. As in this research, a 0.03 mol % Mn additive needed about 0.05 mol % 
more La dopant to obtain the lowest room temperature resistivity. This shows that while 
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most of the Mn additive substitutes on the Ti sites as Mn2+, some of the Mn additive 
segregates to the grain boundary area and exists as Mn3+ [58]. 
The enhancement of the PTCR effect (Pmin / P22s) can be explained as a grain boundary 
effect. As described in previous sections, the PTCR behavior is determined by the surface 
state density (Ns) at the grain boundary. One way of increasing Ns that has been used is 
to have excess oxygen adsorbed at grain boundaries. Other ways include the formation of 
acceptor-like cation vacancies or impurities segregated at the grain boundaries. 
It is believed that the interaction between oxygen and Mn during the firing process has 
an important effect [59]. Many researches have shown that during firing, the valence of 
Mn can be altered to a higher value[60]. Lee et al observed that Mn exists in three 
'd . M 2+ M 3+ d M 4+ Th M 2+ . . h . d . 1 oxi atlon states, n , n , an n . e n state exists mt e gram an active y 
compensates the La ions. Due to the diffusion of oxygen into the sample during the 
cooling or annealing stage, Mn2+ is oxidized to higher valences. Because of the low 
diffusion rate of oxygen and cations such as Mn into the grain bulk, the oxidation process 
occurs mostly in the grain boundary region [57]. These Mn ions form deep acceptor 
levels along the grain boundaries, and behave as electron traps which increase the height 
of the potential barrier. Since the high temperature resistivity increases exponentially 
with the height of the potential barrier, this effect significantly increases the PTCR 
behavior. 
The fact that a higher surface state density will not be completely compensated by the 
space charge from spontaneous polarization could be another reason for higher room 
temperature resistivity [57]. 
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3.4 Impedance Analysis 
Impedance spectroscopy was used to independently measure the grain resistance and 
grain boundary resistance. Fig. 3 .16 shows the impedance data of 0.35 mol % La-doped 
BaTiO3 with different amount of Mn additives. It is clear that as the Mn concentration 
increased, the grain boundary resistance increased significantly, because of the deep 
acceptor states formed by Mn along the grain boundaries. The grain resistance also 
increased with the increasing Mn additive. This can be explained by the existence of Mn 
in the grain bulk. The grain resistance and grain boundary resistance of these samples are 
shown in Table 3.3. 
Table 3.3 Grain and grain boundary resistance of0.35 mol % La-doped BaTiO3 measured 
by impedance spectroscopy 
Grain resistance ( Q) 
Grain boundary resistance (Q) 
No Mn additive 0.03 Mn additive 0.09 Mn additive 
1.49 n 
3.56 n 
s.oo n 
60.0 n 
30.8 n 
2330 
As described in section 3 .2, annealing in an oxidizing atmosphere at elevated 
temperatures after sintering in N2 increased the height of the grain boundary barrier. Fig. 
3 .17 shows the resistivity-temperature curve of the samples with different annealing time. 
All the samples are 0.35 mol % La-doped BaTiO3 with 0.06 Mn additive. The room-
temperature resistivity, high-temperature resistivity and resistivity jump all increased 
when anneal time was longer. The impedance data are shown in Fig. 3.18. It can be seen 
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Figure 3.16 Effect of Mn additive on grain and grain boundary resistance for 0.35 mol % 
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the grain boundary resistance also increased with anneal time. This is because with a 
longer anneal time, more oxygen can be absorbed along the grain boundaries and trap 
electrons from the bulk of the grains. Table 3.4 shows the grain resistance and grain 
boundary resistance. 
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Table 3 .4 Grain and grain boundary resistance of samples with different annealing time 
0.35 mol % La 
0.06mol %Mn 
Grain resistance ( n) 
Grain boundary resistance (Q) 
No anneal 10-minute anneal 100-minute anneal 
1.61 n 
4.88 n 
2.07 0 
5.84 0 
4.97 0 
25.5 0 
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CHAPTER IV. 
ELECTRICAL PROPERTIES AT HIGH ELECTRIC FIELDS 
4.1 Properties at High Electric Field 
For high field applications, the performance of the PTCR devices at high electric 
fields is critical. The current that runs through the thermistor will heat the sample to a 
temperature higher than Tc, switching into the high-resistivity state. Thus there are a 
number of important properties of the PTCR thermistor: a) it must have a low enough 
resistivity to operate under the operating current without switching (i.e. current rating), b) 
it must switch into the insulating state under a high voltage without breaking down, c) the 
device dimensions must be practical for consumer application. 
Fig. 4.1 shows the time-current curve and the calculated resistance. The applied 
voltage is 10 volts. The thermistor was affected by the joule heating and switched to the 
high-resistivity state shortly after the voltage was applied. During this period the 
temperature of the thermistor increased and the resistivity increased accordingly, 
resulting in a decreasing current. Next, as the thermistor approached thermal equilibrium 
the joule heating caused by the current decreased, while the heat radiation increased 
because of the increasing temperature gradient between the thermistor and the 
environment. As the equilibrium temperature of the thermistor stabilized both the 
resistance and the current stabilized as well. Fig. 4.2 shows the time-current curve 
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Figure 4.2 Rand I versus time at 50 V applied voltage (0.25 mol % La doped) 
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under an applied voltage of 50 volts. Because of the higher voltage, the equilibrium 
resistance was higher, while the equilibrium current was lower, showing the thermistor 
reached its equilibrium state at a higher temperature. The sample used for both 
measurements was barium titanate doped with 0.25 mol % lanthanum. 
On the other hand, it was observed that the PTCR effect was suppressed under high 
electric fields. That is, the resistance in the insulating state at high electric fields ( E z 10 
- 100 V/mm) is significantly smaller than the resistance measured at low fields (E zl 
V/mm). Fig. 4.3 shows an example of this phenomenon. The resistivity increased about 
nine times from 180°C to 220°C when measured with an LCZ meter, while only a small 
increase (less than two times) was observed when an electrical field of 150 V /mm was 
applied to the 
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Figure 4.3 Resistivity versus temperature at various E-fields for 0.30 mol % 
La-doped BaTiO3 
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thermistor. We can see that with a higher applied field, the stronger the resistance 
decrease. This phenomenon poses a significant limitation on the application of PTCR 
thermistors. 
The origin of this effect is connected to the voltage dependence of the grain boundary 
potential barrier [12]. Because the grains are highly conducting the potential drop across 
the sample will be primarily applied to each individual grain boundary layer. Fig. 4.4 
shows the shift of the space-charge region when a voltage U is applied to the grain 
boundary layer. If 2x0 is the width of the barrier, and No the grain density of electrons, 
the barrier shape can be described as [ 67]: 
in which 
¢(x) = 2trNne(x+xL) 2 
&&o 
</J(x) = 2trN ne(x - xR )2 _ U 
&&o 
The height of the barrier therefore is: 
(5) 
Under higher applied voltage, the height of the potential barrier decreases, thus the 
current increases, resulting a decreased PTCR effect. Fig. 4.5 shows the plot of equation 
(5). 
54 
Interface boundary 
V V 
vv 
Figure 4.4 Voltage dependence of grain boundary resistance (After W. Heywang [12]) 
10 
_.,__A 
-----s 
-+--C 
0.5 1 .5 2 2.5 3 3.5 4 4.5 
Applied Voltage (Arbitrary unit) 
Figure 4.5 Schematic plot ofresistance versus applied voltage using equation 5. 
Curve A: ~0=1, Curve B: ~o=l.5, Curve C: ~o=2 
$ ..... 
C 
:::J u 
55 
-+-220C 
---180C 
0.1 
0.01 
0.001 -!-----~--~--~--~--~ 
0 20 40 60 80 100 
E Field (V/m m) 
Figure 4.6 Current versus E-field for 0.3 mol % La-doped BaTiO3 at 180°C and 220°C 
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Figure 4. 7 Effect of electric field on resistivity at different temperatures for 0.3 mol % 
La-doped BaTiO3 
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Fig. 4.6 shows the current versus voltage data at 180°C and 220°C for the sample 
doped with 0.30 mol % La. Initially the current grows rapidly at relatively low electrical 
---field levels. At higher fields, the-slope-of the current decreases up to-the maximum E- ---
field of 80 V /mm. Shown in Fig. 4. 7 is the resistance versus E-field for the same sample. 
After the initial decrease in resistance, a plateau is observed for both temperatures. 
4.2 Discussion 
The value of log p decreases almost linearly with the increasing electrical field up to 
40 V/mm. Kim at al has reported similar results on Sb-doped BaTiO3 [63]. When the 
electrical field is higher than 50 V/mm, the decrease of the resistivity becomes slower, 
resulting in the flatter segment of the plot. According to equation ( 5), log R versus T 
should be very close to linear for grain boundary voltages (U) less than or equal to ~0. As 
U approaches 4~0 log R versus T should become nearly constant. While the physical 
interpretation for this result is not clear it could be due to the fact that as U increases, the 
grain boundary resistivity decreases. At some point the grain resistivity cannot be 
neglected compared with the grain boundary resistivity. Therefore with increasing 
electrical field the potential drop will apply to both the grain and grain boundaries, 
resulting a slower decreasing of the resistivity. However, the grain resistances measured 
in the impedance spectroscopy experiments do not correlate well with the measured high 
field resistances. Another conclusion from Equation ( 5) is that when a certain value of 
electrical field is applied on a grain boundary potential barrier, the decrease of the barrier 
height is inversely related to the original potential barrier height, ~o [ 63]. We can see this 
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effect from Figure 4.6. In the same sample, the potential barrier is higher at 220°C than at 
180°C, resulting a faster decrease of resistivity. Within the quasi-linear part (E field< 40 
V/mm), the slope is -0.019 at 220°C, and -0.013 at 180°C. 
As mentioned in section 3.3, a small amount of Mn additive can change the PTCR 
effect significantly. This includes a higher room temperature resistivity, and a larger 
resistivity jump. It has been shown in section 3.3 that the reason for this change is 
because Mn creates acceptor states and increases the height of the grain boundary 
potential barrier. Thus, the behavior of samples with the Mn additive under high electric 
field will change accordingly. 
Fig. 4.8 shows the resistivity versus electric field data for a 0.35 mol % La-doped 
BaTiO3 with different Mn additives. All the curves also show a quasi-linear part at low 
voltages and a plateau region at higher fields. The slope of the linear part for both 220°C 
and 180°C decreased with increasing Mn additives, as shown in Table 4.1 . The reason for 
this trend is that the Mn additive inhibits the grain growth similar to the effects of La, Nb, 
and other aliovalent dopants. Fig 4.9 shows the SEM micro graphs of these three samples. 
As shown in Table 4.2, the average grain size decreased from 15 µm down to 8.8 µm 
from as Mn was added. This resulted in a larger number of grain boundaries within a 
certain thickness and therefore a smaller voltage per grain boundary. 
58 
5 ~------- ----.--------, 
-+-180 Degree C 
4.5 ___,.._ 220 Degree C 
4 
S 3.5 
·s;:: 3 
.* 2.5 
0:: 
01 2 
0 
...J 
1.5 
0.5 
0 -----~----.----,----...,........--..----
·:;: 
en ·;; 
,iv 
t!S) 
0 
..J 
0 20 40 60 80 100 120 
E Field (V/mm) 
7 ...-----------------,--------, 
6 
0 
0 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
0 
0 
50 100 
E Field (Vlmm) 
-+-180 Degree C 
___,.._ 220 Degree C 
150 200 
l
-+-180 Degree C 
----------------._ ___,.._ 2 2 O Deg re e C 
-- ----------------......____ 
-----------------
50 100 150 200 250 
E Field (V/mm) 
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Table 4.1 Extrapolated slope data for La-doped BaTiO3 with different Mn additives 
No Mn additive 0.03 Mn additive 0.09 Mn additive 
180°C 
220°c 
-0.0358 
-0.0387 
-0.0335 -0.0154 
-0.0368 -0.0120 
Table 4.2 Average grain size for La-doped BaTiO3 with different Mn additives (µm) 
0.25 mol % La 
0.30 mol % La 
0.35 mol % La 
No Mn additive 0.03 mol % M 0.06 mol % Mn 0.09 mol % Mn 
15.3 
14.0 
15.0 
9.70 
6.50 
10.9 
13.2 
11.2 
11.3 
(a) No Mn Additive (Bar is 20 µm) 
12.1 
8.80 
60 
(b) With 0.03 mol % Mn 
(c) With 0.09 mol % Mn 
Figure 4.9 SEM micrograph of 0.35 mol % La-doped BaTiO3 
with different Mn additives 
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Figure 4.10 Simulated current-voltage characteristics (After G. Mallick [67]) 
G. Mallick simulated the current-field characteristics by computer [67]. The results are 
shown in Fig. 4.10. In this research, current-field characteristics were investigated for 
samples with different doping levels, Mn additives, and annealing time. Fig. 4.11 shows 
the results from 0.35 mol % La-doped BaTiO3 with 0.06 mol % Mn additive. It can be 
seen that curves from samples with different annealing times represented the different 
part of the curve reported by Mallick. The reason for this is that different annealing times 
caused different barrier heights at the grain boundaries. 
Figure 4.12 shows the current versus electrical field curves for different amount of La 
dopants and Mn additives. Figure 4.13 shows the resistivity versus electrical field curves. 
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CHAPTER V. CONCLUSIONS AND FUTURE WORK 
In this research, a PTCR ceramic was obtained by adding 0.20~0.35 mol % La dopant 
to BaTiO3. After firing at 1350°C, the samples showed a high room temperature 
resistivity ( ~ 104 0 -cm) and a small resistivity jump (less than 100 times). By controlling 
the cooling rate at approximately l 5°C/min, the room temperature resistivity was reduced 
to 102 0 -cm, and the resistivity jump increased to approximately 103 times. Room 
temperature resistivity was further decreased to 10 0 -cm by sintering in nitrogen 
atmosphere. However, these samples showed a reduced resistivity jump. The most 
effective way of obtaining PTCR BaTiO3 ceramics with excellent electrical properties 
was found by sintering in nitrogen followed by annealing in air. The samples produced 
by this method exhibited a room temperature resistivity of approximately 30 0 -cm and a 
resistivity jump of approximately 2500 times. These experimental results are consistent 
with Daniels model which correlates the electrical properties of PTCR BaTiO3 to the high 
temperature defect chemistry. By controlling the oxygen partial pressure and 
temperature, the defect equilibrium at the grain boundary can be controlled. 
Small amounts of Mn additives were used in this research to enhance the PTCR effect. 
The Mn additives created deep acceptor states within the grain boundary, and also 
decreased the average grain size. The samples with Mn additives typically showed a 
resistivity jump of 104 to 105 times. However, the room temperature resistivity of these 
samples were approximately 1000 0 -cm, which was an order of magnitude higher than 
the samples without Mn additives. 
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Since Mn additives partially compensated the La dopant, more dopant was needed to 
achieve the lowest room temperature resistivity. hi our research, without the Mn additive 
the doping level for the lowest room temperature resistivity was somewhere between 0.20 
and 0.25 mol %. With 0.03 mol % Mn, the doping level for the lowest room temperature 
resistivity is about 0.30 mol %, and with 0.06 mol % Mn, the doping level is about 0.35 
mol¾. 
Impedance spectroscopy was used to independently measure the grain resistance and 
grain boundary resistance. The results showed that both increased with increasing Mn 
additives, and also increased with longer annealing time. 
The properties ofBaTiO3 PTCR ceramic under high electrical field was also 
investigated. It was observed that the PTCR effect was suppressed under high electric 
fields. The origin of this effect is connected to the voltage dependence of the grain 
boundary potential barrier. When Mn was added, because of the deep acceptor states 
created by Mn, the BaTiO3 showed a smaller resistance decrease under high electrical 
fields. The current-voltage characteristics also showed a dependence on potential barrier 
height. 
To further understand the PTCR effect and its behavior under high electrical fields, 
the following is proposed. First, the grain size effect should be considered in the current-
voltage characteristics. All the current-voltage measurements should be normalized with 
average grain size, so that the current-voltage characteristics can be normalized according 
to the voltage applied per grain boundary. This will show the effect of processing 
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parameters on the grain boundary properties and on their behavior under high electrical 
fields. 
Secondly, a measurement on surface state density is needed. This will help in the 
calculation of the potential barrier height and in the fitting of the current-voltage curves 
i 
developed by G. Mallick as described in section 4.2. 
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